ABSTRACT Background: Congenitally corrected transposition of the great arteries (ccTGA) is a rare congenital heart disease. There have been only few reports of sudden cardiac death (SCD) in patients with ccTGA and reasonable ventricular function.
INTRODUCTION
Congenitally corrected transposition of the great arteries (ccTGA) is a rare form of congenital heart disease characterised by atrioventricular (AV) and ventriculoarterial discordance. It is termed 'congenitally corrected' because deoxygenated systemic venous blood flows into the pulmonary circulation and oxygenated pulmonary venous blood returns to the systemic circulation in the correct physiological manner, albeit via the 'incorrect' ventricle. 1 ccTGA comprises <1% of all reported congenital heart lesions. [2] [3] [4] The population incidence has been reported to range from 0.02 to 0.07 per 1000 live births. It frequently occurs with one or more associated cardiac lesions, 5 with an abnormal or Ebstein's-like tricuspid valve being reported in up to 91% of cases, in some series. 6 Reports on the long-term outcomes of adults with ccTGA have noted an increasing frequency of supraventricular and ventricular arrhythmias, conduction abnormalities, systemic AV valvular regurgitation and systemic (right) ventricular failure with increasing
KEY QUESTIONS
What is already known about this subject?
▸ Congenitally corrected transposition of the great arteries (ccTGA) is a rare but important congenital cardiac lesion, as it is frequently associated with other lesions and premature morbidity and even mortality. As it is rare, however, long-term outcome data in adults with ccTGA concerning the impact of arrhythmias, valve and ventricular failure are poorly documented, as is risk stratification for sudden death.
What does this study add?
▸ In our relatively large single-centre experience of 39 adults with ccTGA, sudden cardiac death in otherwise well patients was observed at an unexpectedly high rate of 1 death per 109 patientyears. 5% of our patients required defibrillator implantation for non-sustained ventricular tachycardia and pacemaker implantation was required in 19%. Our study demonstrates the frequent occurrence of serious electrical complications, even in patients with good functional class and relatively preserved systemic ventricular function.
How might this impact on clinical practice?
▸ Our experience suggests the need for improved risk stratification and/or surveillance for malignant arrhythmia and conduction system disease in all adults with ccTGA.
age. 5 However, wide variations in the reported onset and frequency of complications mean the implications of such sequelae on morbidity and mortality remain unclear.
Prompted by several cases of unexpected sudden cardiac death (SCD) in our patients with ccTGA, we reviewed our experience in this regard.
METHODS
The study was approved by our Institutional Ethics Committee.
Patients with a diagnosis of ccTGA were identified from an existing database at our tertiary referral centre for adult congenital heart disease (ACHD). All those ≥16 years of age, who had been reviewed at least once since 1995 with a diagnosis of ccTGA, regardless of associated heart defects, were included, except if they had 'single ventricle'-type circulations (n=4). Medical records were reviewed between 2012 and 2014, including clinic reviews, results of investigations, catheterisation or electrophysiology reports and any surgical/transcatheter intervention records. Test results and patient symptoms reported are those that were documented at the most recent follow-up. Transthoracic echocardiography was used for the assessment of ventricular function. During the study period, patients with ccTGA did not undergo routine serial cardiac MRI due to limited availability of the modality. Transthoracic echocardiography was performed by experienced sonographers in ACHD. As markers for right ventricular (RV) function are not defined for the systemic right ventricle, qualitative assessment of RV function was performed and compared to previous studies.
The Australian National Death Index, a nationwide registry of deaths, was consulted to confirm vital status for all patients, with the ascertainment date being the end of 2013.
SCD was defined as death within 1 hour of onset of symptoms, which occurred in the patient's usual state of health or if it was unwitnessed during sleep, consistent with previous studies. 7 8 Statistical methods Analysis was performed using SPSS V.20 (IBM, Armonk, New York, USA). Data for categorical variables are reported as frequency and percentage (%), and data for continuous variables are summarised using mean±SD.
RESULTS

Baseline patient characteristics
A total of 39 patients with ccTGA were identified; 26 (67%) were male. The mean age at diagnosis was 12.4 ±11.4 years. The mean age at presentation to our ACHD centre was 26.4±10.4 years.
Nine had isolated ccTGA with levocardia and one patient had isolated ccTGA with dextrocardia. The remaining 29 patients had between one and seven associated congenital heart abnormalities. Associated congenital abnormalities are outlined in table 1.
The mean age at last review was 34.3±11.3 years. A total of 24 (62%) patients had been reviewed in the last 2 years. The remaining 15 patients were last seen by a cardiologist within a median period of 6.34 years (IQR 2.7-14.5 years).
In 544 years of patient follow-up, there have been five cases of SCD in our ccTGA population; 1 death per 109 patient-years. The mean age at time of death was 34 years.
Prior surgeries A total of 62% of patients (n=24) had had at least one cardiothoracic surgical procedure. The most common procedures were ventricular septal defect (VSD) closure, atrial septal defect (ASD) closure, left ventricle to pulmonary artery (LV-PA) conduit placement and systemic AV valve replacement. A total of 44% (n=8) of patients with a VSD and all of the patients with an ASD had their respective lesions surgically repaired. LV-PA conduits were required in six patients for pulmonary stenosis or atresia. Tricuspid valves were replaced with mechanical prostheses in six patients, with two patients requiring a re-replacement of the implanted valve and one requiring excision of obstructive tissue around the prosthesis.
Systemic ventricular dysfunction and tricuspid valve function All patients had at least one echocardiogram. A total of 39 patients had had qualitative transthoracic echocardiographic (TTE) assessment of systemic ventricular function. At their most recent assessment, systemic ventricular function was described as good or reasonable (n=10), mildly impaired (n=13), mildly-moderately impaired (n=11), moderately impaired (n=1), moderately-severely impaired (n=1) or severely impaired (n=3).
A total of 56% (n=22) of patients were documented as having 'significant' tricuspid regurgitation (TR) at the time of last follow-up. Significant TR was defined qualitatively as more than moderate regurgitation on TTE.
Arrhythmias A total of 91% of patients had a documented conduction abnormality. Prevalence of specific arrhythmias is outlined in table 2. Heart block was present in 14 patients (36%). Eight patients with complete heart block had permanent pacemakers (PPM) implanted at an average age of 20 years (range 8.5 months-45 years).
Atrial fibrillation was present in six patients, with two having had a slow ventricular rate, necessitating PPM insertion. Atrial flutter was present in four patients, three of whom had a documented history of atrial flutter and fibrillation.
Four patients had documented non-sustained ventricular tachycardia (NSVT). An implantable cardioverter defibrillator (ICD) was inserted in a man aged 33 years with NSVT who had a PPM implanted for complete heart block 4 years prior. A second patient, a woman aged 32 years, had an ICD inserted for NSVT and atrial flutter. At most recent follow-up, both patients with ICDs were New York Heart Association (NYHA) class I and had no documentation of antitachycardia pacing therapy on device interrogation.
Symptoms and functional status
Thirty-five patients had an NYHA class documented in their medical records at most recent follow-up. Of these, 21 were NHYA I and 14 were NHYA II. No patient was documented as having an NHYA functional class >II.
Other symptoms recorded at the time of last follow-up included palpitations (53.5%), dyspnoea (53.5%) and fatigue (39.5%). A total of 26% of the patients had a documented history of heart failure. Of the deceased patients, only one patient was on antifailure therapy with diuretics and digoxin. Diuretics were prescribed for 12 patients and digoxin was prescribed for 9 patients in total. A total of 2 of the deceased patients and 11 of the surviving patients had been prescribed long-term warfarin therapy. Case 2 had a prosthetic valve and case 3 was on warfarin for paroxysmal atrial fibrillation.
There was no correlation between reported patient symptoms and the degree of recorded RV dysfunction.
CASES OF SCD
Four patients (1 female, 3 males) in this cohort of 39 patients with ccTGA died suddenly and an additional male (case 2) had suspected SCD. Four of these patients had been seen in the ACHD centre in the year preceding their death.
Case 1
A woman aged 34 years with ccTGA, a small VSD and mild Ebstein's anomaly had had her ccTGA diagnosed on TTE at age 27. She had had no surgical interventions and was a current smoker with no regular alcohol intake. She was reviewed at the ACHD service 4 months prior to her death for increasing dyspnoea on moderate exertion and an isolated episode of ankle oedema. Her chest radiograph showed mild cardiomegaly. TTE revealed mild aortic regurgitation, mild-moderate TR and a mildly dilated systemic ventricle with good contractility.
ECG showed infrequent monomorphic premature ventricular complexes, first-degree AV block with PR interval of 251 ms and QRS duration of 96 ms. She was not on any medication. Twenty-four-hour Holter monitor revealed sinus rhythm for the majority over the monitoring period with a mean heart rate of 76 beats per minute (bpm), first-degree AV block but no higher grade AV block. There were frequent ventricular extrasystoles with two runs of NSVT of six and nine beats, respectively. The events were not associated with symptoms.
The patient died suddenly in her sleep 9 weeks later. A posthumous discussion with a family member revealed that she had had palpitations and dizziness over the preceding 4 weeks. She had not presented for medical review for these symptoms.
Case 2
A man aged 29 years with ccTGA and an associated infracristal VSD and systemic AV valve incompetence (mild-moderate) was diagnosed on angiography at 11 months of age. He underwent VSD repair and systemic AV valve replacement (Carbomedics 25 mm prosthesis) at 7 years of age. A year later, the prosthetic valve had thrombosed despite warfarin anticoagulation and was subsequently replaced with a 23 mm St Jude prosthesis. Other medications included digoxin and diuretics. He was a lifelong non-smoker and did not consume excessive amounts of alcohol.
In the months prior to his death, the patient had recurrent episodes of severe left-sided chest discomfort and nausea for 2-3 months, appearing to coincide with periods of subtherapeutic anticoagulation (international normalised ratio (INR) 1.2-1.4). He was reviewed by a cardiologist 4 months prior to his death. Examination was unremarkable and there were no signs of heart failure. His ECG revealed sinus bradycardia with occasional premature ventricular complexes, PR duration 202 ms and QRS duration 106 ms. Twenty-four-hour Holter monitoring revealed an average rate of 58 bpm, occasional atrial and ventricular ectopy with rare ventricular couplets. There were no sinus pauses. Chest radiograph demonstrated a globular heart that was unchanged from previous chest radiographs. TTE showed mild obstruction of the valve prosthesis (with good movement of both disc leaflets) and mild impairment of the systemic ventricle.
Owing to the risk of prosthetic valve thrombosis due to subtherapeutic INR, he was bridged with subcutaneous enoxaparin when INR was subtherapeutic and a target INR of 2.5-4 was established. At clinical evaluation 2 months before his death, the chest pain had settled, and he was otherwise well.
The National Death Index registry identified the cause of death as a motor vehicle accident due to the patient's car colliding with a stationary object, resulting in multiple injuries and death. Arrhythmia may have been a significant contributory factor; however, this cannot definitively be determined.
Case 3
A man aged 31 years diagnosed with ccTGA at 21 years of age when investigated for an incidental murmur. He had associated mild Ebstein's malformation of the tricuspid valve.
He developed recurrent atrial arrhythmias, which were pharmacologically controlled. His most recent medications included sotalol, digoxin, trandolapril, frusemide and paroxetine.
Significant family history included a sister who had a double outlet right ventricle. He also had a history of substance abuse with alcohol, cigarette and marijuana smoking. The most recent medical correspondence, however, suggests he had been abstinent from these for the previous 2 years.
The patient was reviewed by the ACHD service 1 month prior to his death. ECG confirmed he had sinus rhythm with ventricular bigeminy, with no QT prolongation. TTE revealed a moderately dilated and hypertrophied systemic ventricle with mild-moderate systolic dysfunction. Mild apical displacement of the tricuspid valve with mild regurgitation was noted. Left atrium was mildly dilated. He had normal left ventricular contractility with no outflow tract obstruction.
The patient had a witnessed collapse at home while making breakfast. Emergency services were called and cardiopulmonary resuscitation was performed. He was pronounced dead at a local district hospital on arrival.
Case 4
A man aged 34 years with ccTGA, dextrocardia and prior surgical repair of an ASD in childhood was referred to the clinic at the age of 25 years. He was symptomatic with multiple episodes of presyncope. ECG revealed sinus arrhythmia. Echocardiography revealed moderate regurgitation of the systemic AV valve, but the systemic RV function was only mildly impaired. Holter monitoring did not show any significant abnormalities apart from intermittent sinus bradycardia, and an exercise stress test showed only mildly reduced exercise capacity with no chronotropic incompetence. Although scheduled for an electrophysiology study to assess for ventricular arrhythmia, there was no documentation to suggest that this had been performed. He had an SCD with a 4-year period of loss to further follow-up, prior to his death.
Case 5
A man aged 27 years with ccTGA with right atrial isomerism, a pulmonary conduit and a small ASD was referred for management of his impaired subpulmonary left ventricle. The systemic ventricle had only mildly impaired systolic function with mild regurgitation of the systemic AV valve. In contrast, the subpulmonic left ventricular function was moderately impaired, with moderatesevere right AV valvular regurgitation, and a gradient of 40 mm Hg was noted between the left ventricle and right atrium. The patient died suddenly at home in the year following review, of uncertain cause. Clinical characteristics of these patients are summarised in table 3.
Other deaths
There was one non-SCD in our cohort, in a woman aged 64 years with ccTGA. She underwent cardiac transplantation at age 57 years and died due to graft rejection.
DISCUSSION
Our findings
Over a period of 15 years, 5 of 39 patients with ccTGA died suddenly (12.8%), giving an HR of 1 per 109 patient-years of follow-up. SCD was strongly suspected in one patient; however, this was not confirmed. The suspected cause of death in the other four cases was malignant arrhythmia.
Causes of death in ccTGA
It has been estimated that the lifetime incidence of SCD in the ACHD (of any diagnosis) population is 19-26%.
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Koyak et al identified a number of clinical parameters found to be associated with SCD in adults with a broad spectrum of congenital heart disease, including systemic right ventricles. 7 These included supraventricular tachycardia, moderate-severe systemic ventricular dysfunction, moderate-severe subpulmonary ventricular dysfunction, increased QRS duration and QT dispersion.
Little has been published in the medical literature about the specific causes of death in patients with ccTGA. These patients are increasingly subject to tricuspid valvular regurgitation and consequently systemic ventricular dysfunction and heart failure. 5 8 In patients with dextro TGA (D-TGA) and a history of Senning or Mustard repair, the lifetime incidence of SCD is estimated to be between 2% and 15%. Connelly et al reported an incidence of SCD of 8% in 52 adult patients with ccTGA in 1996, an incidence similar to our findings. However, they had a much higher incidence of death from any cause in their group, with 25% of their adult patients with ccTGA dead at a mean age of 38.5 ±12.5 years. They reported that the commonest cause of death in their cohort was progressive failure of the systemic ventricle (50%). 12 Despite a similar age profile of our cohort, we have not documented any deaths due to progressive RV dysfunction. Except for one patient who died due to graft rejection, most of the deaths in our group were as a result of SCD, in patients with reasonable RV function, perhaps reflecting an increasing prevalence of arrhythmogenic deaths in patients with ccTGA in the modern era.
Risk stratification
Although we were not able to identify any clinical predictors of SCD in our patients, our study does highlight the need for improved algorithms for risk stratification of patients with ccTGA. Prieto et al found that TR was the only independent predictor of death in their cohort of 40 patients with ccTGA. They reported a 20-year unoperated survival of 100% in those with less than moderately severe TR, compared with 60% in those with moderately severe-severe TR. 13 Connelly et al 12 reported that systemic RV failure was the cause of death in over 50% of their cohort. Our patients who experienced SCD did not have significantly impaired RV function or significant TR, so these parameters did not identify these patients as 'high risk' or predict their adverse outcomes.
Patients with TGA and a Senning or Mustard repair also rely on their right ventricle to support their systemic circulation. Although patients with atrial switch repair have other associated complications and are not an identical comparison cohort to patients with ccTGA, the presence of a systemic right ventricle is associated with heart failure. Piran et al 14 report a high prevalence of heart failure and associated mortality in patients with systemic right ventricles. Within this cohort, the prevalence was higher in patients with ccTGA compared with those with an atrial switch repair. Kammeraad et al 15 looked at such a population of patients and found that symptoms of arrhythmia or heart failure, or a documented history of arrhythmia (atrial fibrillation or flutter) at most recent follow-up, increased SCD risk. A recent study including patients with ccTGA (n=25) and TGA with a Senning or Mustard repair (n=63) found that MRI assessment of RV end-diastolic volume index (RVEDVI) and peak systolic blood pressure (SBP) on exercise testing were the best predictors of adverse clinical events (including death, worsening heart failure and arrhythmias). Symptoms (NYHA functional class >II) and absence of sinus rhythm were also found to be determinants of clinical events. They reported that these predictors were similar in those with ccTGA and those with TGA and a history of Senning or Mustard repair. 16 Possible prevention of SCD: ventricular rhythm abnormalities and ICD implantation Tachyarrhythmia risk, defibrillator implant risks, longterm outcomes and rates of appropriate and inappropriate ICD therapies are not well characterised in patients with ccTGA. There have been few incidents of malignant ventricular arrhythmia in patients with ccTGA that have been documented in the literature. Four publications have identified patients with ccTGA and VT. Kayrak et al 17 described a case of VT in a patient aged 56 years that was successfully cardioverted and had an ICD subsequently implanted. Malhotra et al 18 described a man aged 33 years with VT in whom an ICD was also implanted. Baral et al 19 identified a woman aged 48 years with decompensated cardiac failure and incessant VT that was treated with ablation. Although VT was not specified, Petit et al 20 identified a woman aged 29 years with a rhythm described as a wide complex tachycardia. Ventricular fibrillation was identified in a man aged 49 years with ccTGA in Vancouver 21 and Harrison et al 22 described the case of a man aged 31 years with syncope who had an ICD implanted. In a population of patients with TGA and Senning or Mustard repair, VT or fibrillation was the rhythm recorded in 21 of 47 cases of sudden death. 13 ICD implantation is currently recommended in young adults with congenital heart disease for survivors of SCD (reversible cause excluded), those with unexplained syncope and impaired ventricular function once a reversible cause has been excluded and for those with spontaneous sustained VT if catheter ablation or surgical resection is not successful. 23 Khanna et al reviewed clinical, implantation and follow-up data on all transvenous ICDs in adults with a variety of congenital heart disease, including 12 patients with ccTGA (17%), at the Mayo Clinic from 1991 through 2008. The commonest indication for ICD implantation was sustained ventricular arrhythmias or primary prevention. They reported no major implant-related complications and found that the likelihood of an appropriate ICD discharge was associated with increased subpulmonic ventricular pressure. 24 
Limitations
This study was limited by its retrospective nature; however, we believe our experience highlights the importance of improving risk stratification in adults with this type of congenital heart disease. The rarity of this congenital condition means that our report includes a relatively small number of patients, thereby making it difficult to draw conclusions. There was selection bias as patients were selected from a tertiary centre, and the true denominator for the number of patients with this condition remains unknown. However, given that we are the only state-wide tertiary centre for ACHD, we do believe that we have captured a reasonably accurate picture of the outcomes for the local ccTGA population. We speculate that the outcomes of patients followed up at tertiary centres are better than those not under specialist follow-up; thus, the true incidence of SCD in this cohort is higher than our observed incidence. Supporting data obtained from the National Death Index ensures that, although we do not have the true denominator of patients, at least the vital status of all the patients that were followed up by our service was ascertained.
We recorded the results of TTEs performed on our patients. These results were generally qualitative assessments of RV function rather than an objective measure of RV function. Quantitative methods of measuring RV function by echocardiography have not been defined for systemic right ventricles; hence, a quantitative assessment was performed by experienced ACHD sonographers. Performance of routine, serial cardiac MRI was not part of clinical practice during the study period. This limited a more in-depth analysis of the relationship between the reported RV function and documented symptoms or arrhythmias. Given the rarity of this condition, a multi-institutional collaborative study into SCD in ccTGA with a unified data collection and entry system could provide more comprehensive information on risk and risk stratification. CONCLUSION ccTGA is a rare and complex disease, the natural and operated history of which depends heavily on the presence and severity of associated cardiac abnormalities. Owing to the increasing numbers of patients with ccTGA surviving into adulthood, more cardiologists are likely to encounter patients with deteriorating RV function and rhythm abnormalities. The occurrence of five cases of sudden death in a relatively small cohort, despite regular review of structural and electrical function of the heart, suggests that further risk stratification is needed. ICD implantation may emerge as a potentially life-saving therapy for appropriately selected patients.
